INTRODUCTION
Clathrate hydrates or gas hydrates are solid crystalline and non-stoichiometric compounds, in which gas guest molecules are trapped by hydrogen bond framework of the water lattice and stable at low temperature and high pressure 1 . Generally, gas hydrates are often found in the permafrost region or under the deep ocean. There are three well-known structures of gas hydrates, including sI, sII, and sH 1, 2 . Hence, the amount of gas, which can be stored in the hydrate form, depends on the available cages of the hydrate structures. The sI unit cell contains 46 water molecules and eight cages two 12-hedra 5 12 and six 4-hedra 5 12 6 12 , which can host small molecules like methane and carbon dioxide. The unit cell of sII consists of 136 water molecules and eight large cages 5 12 6 4 and sixteen small cages 5 12 ; thus, larger gas guest molecules such as propane and isobutane can form the hydrate in this structure. The sH hydrate contains three different cages, three 5 12 -cages, two 4 3 5 6 6 3 -cages, and one 5 12 6 8 -cage 1 .
Methane gas is the most common gas guest molecule in natural gas hydrate NGH . Although gas hydrates are concerned as the pipeline blockage in oil and gas industry 3 5 , it has been realized that natural gas hydrates are a great potential natural gas source of energy. Natural gas hydrates are not only important for the potential energy source but also considered as the method for gas storage and transportation due to its high capacity per unit volume 5 13 . For example, 170 m 3 of methane gas at standard temperature and pressure STP can be stored in a unit volume of the hydrate 6 . The main issues of storing gas in the hydrate form are the slow kinetic rates of the hydrate formation and its stability. To store and transport natural gas in a hydrate form, the hydrate formation rates and the stability need to be improved. It has been reported that tetrahydrofuran THF can form the hydrate in the large cages of structure II sII ; therefore, the small cages are empty and could be occupied by methane gas 14, 15 . Moreover, THF is defined as the thermodynamic promoter in the gas hydrate formation, which shifts the hydrate phase equilibrium and extends the stability zone of the hydrate 16 18 . Many experiments on the gas hydrate formation with the presence of THF focused on the thermodynamic data. Less information is available on the kinetics of gas hydrate formation. In addition, the majority of published work investigated the hydrate formation in a stir-type system, where an external source of energy promoted the interfacial contact between gas and liquid, hence, the formation. Furthermore, an anionic surfactant such as sodium dodecyl sulfate SDS is described as a gas hydrate promoter, which decreases the surface tension of water, so that the diffusion resistance between the gas and liquid phases is reduced, and the gas molecule solubility is increased resulting in the high hydrate formation rate. Ganji et al. 19, 20 investigated the effect of different surfactants on methane hydrate formation. They found that SDS exhibited the maximum promotion effect on the formation rate and the stability of the hydrate. Hao et al. 21 also reported that using SDS was efficient to enhance the methane hydrate formation rate and the storage capacity. Up till now, there has been very limited information on open literature on the effects of SDS on the THF-assisted methane hydrate formation. Nevertheless, Meth et al. 22 and Veluswamy et al. 23 did report on the effects of using both THF and SDS on methane hydrate formation. The former reported the use of a stirred-type crystallizer and a very high SDS concentration, 600 ppm, for the study, which inevitably added the mechanical promoter to the hydrate formation, while the latter limited its study on the fixed schoichiometric THF concentration, 5.6 mol .
To further elucidate the roles of SDS on the THF-assisted methane hydrate formation in the quiescent condition, the THF concentration was first varied from its stoichiometric value down to 1 mol , where no hydrate formation was detected for 48 h. SDS was then added starting from 8 mM, down to 1 mM. Moreover, the effects of SDS and THF on the induction time, time required to achieve 90 of the final methane uptake t 90 , methane consumption, and the storage capacity were also discussed.
EXPERIMENTAL

Apparatus and materials
Ultra high purity methane 99.999 , Labgaz Thailand Co., Ltd. , distilled deionized water, tetrahydrofuran THF, 99.8 , Lab-Scan, Thailand , sodium dodecyl sulfate SDS, 99.0 , Sigma-Aldrich were used for hydrate formation. Figure 1a presents the schematic of the gas hydrate apparatus, consisting of a high-pressure stainless steel crystallizer CR with an internal volume of 50 mL and a gas supplier or a reservoir R . The crystallizer and reservoir were immersed in a water bath, the temperature of which was controlled by an external refrigerator. One pressure transmitter Cole Parmer, model 68073-68074 with 0.13 global error was used to measure the pressure. The temperature in the crystallizer was measured by four k-type thermocouples, located at different positions, as seen in Fig. 1b : T1 at the top of the bed, T2 at the middle of the bed, T3 at the bottom of the bed, and T4 at the bottom of the crystallizer. A data logger AI210, Wisco Industrial Instruments, Thailand was connected to a computer to record the data during the experiment. All experiments were carried out in the quiescent condition with a fixed amount gas and water in the closed system.
Hydrate formation experiment
The concentrations of promoter solution were prepared at 1, 3, and 5.56 mol for THF and 1, 4, and 8 mM for SDS. For mixed hydrate promoters, SDS with the concentration of 1 mM was mixed with 1 mol THF solution. Approximately, 30 mL of the solution was added into the crystallizer at each experiment. The crystallizer was pressurized to 0.5 MPa and depressurized to atmospheric pressure twice to eliminate air in the system. The experimental condition was set at 8 MPa and 4 . The data was then recorded every 10 s by the data logger. During the hydrate formation, the pressure in the crystallizer was decreased due to the gas consumption. The experiments continued until there was no further pressure drop for at least 1 h. The pressure and temperature data were used to calculate the moles of methane consumed by equation 1 ; where ∆n H, is the number of moles of gas consumed for hydrate formation at the end of experiment. n H,0 is the number of moles of hydrates at time zero. n H,t is the number of moles of the hydrates at time t. Subscripts of G,0 and G,t represent the gas phase at time zero and time t, respectively. P and T are the pressure and temperature in the system. V is the volume of gas phase in the crystallizer. R is the universal gas constant. z is the compressibility factor calculated by Pitzer s correlation 24, 25 .
In the THF solution, the conversion of water to hydrates was calculated with equation 2 24 ;
2 where n H2O is the number of moles of water in the system. The hydration number is the number of water molecules per gas molecules to form the hydrate structure, 5.66 for the experiment conducted with THF and 5.75 for the experiment conducted without THF. ∆n THF is the number of moles of THF consumed for the hydrate formation at the end of experiment, which was calculated based on the assumption that THF occupied only the large cage of sII, as seen in equation 3 24 ;
∆n THF ∆n H, number of large cages number of small cages 3
The methane hydrate yield was measured by equation 4 in the closed system.
Methane hydrate yield mol Methane consumed mol Methane input mol 100 4 Figure 2 presents typical methane uptake and temperature profiles of experiment conducted with the presence of 8 mM SDS at 8 MPa and 4 . As seen from the figure, the methane uptake black line is suddenly increased at the initial stage as same as the temperature red line for T1, green line for T2 and blue line for T3 in the bulk liquid, detected by the thermocouples inside the crystallizer due to the exothermic nature of the hydrate formation. After that, the methane gas is consumed to grow the hydrate crystal until reaching the plateau, meaning that no more gas is allowed to form hydrates with free water. Furthermore, the methane uptake is increased enormously again in the crystallizer, which is attributed to the hydrate formation in the bulk water.
EXPERIMENTAL RESULTS AND DISCUSSION
Effect of sodium dodecyl sulfate SDS
It has been reported that crystal formation behavior strongly depended on a material used to build the crystallizer. For example, Yoslin et al. 26 used a polycarbonate column for crystallization and observed the hydrates grew from the liquid surface before growing further into the liquid bulk and breaking up to provide the wetted wall surface to form additional hydrates. As for stainless steel crystallizers, the hydrates could form as snowflakes 27 29 or an open porous hydrate structure 30 suspended at the liquid interface 27 30 . The hydrate particles tended to move to the crystallizer wall because of the colder metal surface resulting in the hydrate growth upward along the wall 23, 27 . Gayet et al. 30 and Yoslim et al. 31 stated that the capillary suction of the liquid from the bulk upward to the free wall can renew the gas-liquid interface of the hydrate growth front. It is believed that the hydrate particles are creeping along the wall of crystallizer until it blocks the gas inlet hole, located at the side of crystallizer Fig. 1b , showing in the first plateau in Fig. 2 . Later, the hydrate that blocks the gas inlet hole is cracked and the free gas is consumed to form Table 1 .
the hydrate continuously until it reaches the equilibrium as shown by the second plateau in Fig. 2 .
To further clarify this behavior in this specific crystallizer, Fig. 3 presents the methane hydrate sample in the experiment conducted with 8 mM SDS at 8 MPa and 4 . It can be seen from Fig. 3a that the hollow hydrate sample can be observed, and the thermocouple tip is covered by hydrate particles, indicating that the methane hydrate is formed along the crystallizer wall. Figure 3b shows the blockage of gas inlet hole as pointed. It should be noted that the crystallizer design is crucial and affects the hydrate formation kinetics. Figure 4 shows methane uptake and temperature profiles of experiment conducted with different SDS concentrations. From the figure, the methane uptake profile of 1 mM SDS is distinctively different from the others. In other words, it takes longer to form the hydrates, about 10 h, than the other SDS concentrations, and only the first stage of gas uptake can be observed. This implies that the hydrate crystal is stable at the gas-water interface, while, in the experiment conducted with 4 mM and 8 mM, the second stage of hydrate growth is observed resulting in higher methane uptake. Meanwhile, 4 mM and 8 mM SDS exhibit almost the same gas uptake profile but the time for the first hydrate formation with 4 mM SDS is longer than with 8 mM. Table 1 shows the methane hydrate formation data of the experiments conducted with SDS at 8 MPa and 4 . As seen from the table, the experiment conducted with pure water Exp. 1 does not show any evidence of hydrate formation for 48 h. This may be caused by 1 the hydrates could form a thin film on the interface of gas-solution, which then prevents the methane gas diffusion to the liquid phase for further hydrate growth 32 34 , and 2 the needle-like dendritic crystal could be formed at the interface of liquid phase and does not develop downward 26 ;
therefore, the form of hydrates cannot be observed in this experiment. It can be deduced from Table 1 that, with the presence of SDS, the hydrate formation kinetics is enhanced compared to pure water. It is this gas hydrate formation rate that is an important factor for gas storage and transport applications 28, 33 36 . The induction times listed in the table indicate the first hydrate formation in the experiments. It can be noted that the induction time of methane hydrate formation is decreased with the increase in the concentration of SDS due to the decrease in the surface tension between the gas and liquid phase promoting a filmlike interface along the wall. It is believed that this film is a preferred location for nucleation and initiation of gas hydrates 26, 31 .
To further investigate the effect of SDS on the hydrate formation kinetics, the time required to achieve 90 t 90 of final gas uptake is present in Fig. 5 . In this work, t 90 is counted from the first hydrate formation or the induction time. The figure clearly shows that adding only 1 mM SDS results in the shortest t90, 17 min, followed by 172 and 205 min for 8 mM and 4 mM, respectively. Although, the 1 mM SDS solution has the shortest t 90 , it shows the longest induction time to form the first hydrate, and the methane hydrate yield is relatively low due to methane hydrate formation takes place only in the first stage of, as shown in Table 1 . On the contrary, Veluswamy et al. 37 reported that t 90 was higher for lower SDS concentration, but SDS had no effect on t 90 at higher concentration. For the methane gas storage application, the methane yield is measured to quantify the effect of SDS concentration. It can be deduced that the average methane hydrate yield is increased with the increase in the SDS concentration. The experiment conducted with 1 mM SDS shows a low average methane hydrate yield due to the stability of the hydrates resulting in no further hydrate formation downward in the bulk water like the case with 4 mM and 8 mM. The methane hydrate yields in the range of 5.02 -52. 5 are achieved for the studied SDS concentrations. Table 2 summarizes the data of methane hydrate formation with THF at 8 MPa and 4 . As seen from the table, 
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the experiment conducted with water or 1 mol THF at 8 MPa does not show any hydrate formation for 48 h. It can be clearly seen that the low THF concentration does not affect the hydrate formation kinetics, while the hydrate formation kinetics is significantly influenced with the high THF concentration. In addition, the experiments conducted with 3 and 5.56 mol THF start to form the hydrates within 10 min. The induction time of the experiment conducted with 5.56 mol THF stoichiometric concentration of THF hydrate formation shows that the average methane hydrate induction time is about 1.78 min, which is shorter than that with 3 mol THF, as shown in the table. Moreover, the time required for 90 of the final methane uptake with the presence of THF is also reported. As seen from Table 2 , 5.56 mol THF/CH 4 shows a shorter time to reach 90 of the final methane uptake than 3 mol THF/ CH 4 . This is because the methane hydrate phase equilibrium with the presence of THF is shifted to a higher temperature and a lower pressure than that of pure water 16 18 .
Although 5.56 mol THF/CH 4 exhibits a shorter time of the first hydrate formation and the time to achieve 90 of the final methane uptake than 3 mol THF/CH 4 , the methane consumption and methane hydrate yield shows otherwise. In other words, the average methane consumed and methane hydrate yield of the experiment conducted with 5.56 mol THF is lower than with 3 mol THF. The results may be caused by the fast methane hydrate formation at the high THF concentration on the gas-water interface that covers and blocks the gas molecules to further form the hydrate crystal, while at the low THF concentration, the hydrate grows slowly and forms the hydrate crystals through the multiple nucleation of gas hydrates. This explanation corresponds to the methane uptake and temperature profiles of the experiments conducted with 3 and 5.56 mol of THF as presented in Fig. 6 . It can be deduced from the figure that the experiment conducted with 3 mol THF shows multiple methane hydrate formation after the first hydrate is formed, observed by the temperature profiles at different locations in the crystallizer, and consumed more methane gas than the experiment conducted with 5.56 mol THF, the case of which shows only the first stage of methane uptake.
Further explanation on the above results can be attributed to the structures of methane hydrate formation, characterized by the ratio of structure I to structure II hydrates sI/sII , as shown in Table 2 . The average ratio of sI/sII indicates how much hydrates formed in each structure. The calculation of sI or sII hydrates is based on the assumption that, with the presence of THF, the gas hydrates should fully occupy in the small cages of structure II due to the thermodynamics effect of THF before occupying the small cages and large cages of structure I. For instance, in 5.56 mol THF/CH 4 , methane hydrate forms only in sII; therefore, the ratio is equal to 0. When the concentration of THF is decreased to 3 mol , the ratio of sI/sII is changed, implying that the methane hydrates are formed in both structures. In this case, methane hydrates can be formed by the mole ratio of methane to water of 1:5.75 for the structure I and 1:5.66 for the structure II. That is the reason why the system of 3 mol THF/CH 4 shows higher methane consumed and methane hydrate yield than that of 5.56 mol THF/CH 4 . These results are in agreement with Chari et al. 18 , who reported that the structure II of hydrate was observed when the mole fraction of THF was higher than 0.0556, and the structure I no longer existed. Furthermore, the average methane hydrate yield is 19.1 and 34.1 in the experiments conducted with 5.56 and 3 mol THF, respectively.
3.3 Effects SDS on the THF-assisted methane hydrate formation The effect of SDS on the THF-assisted methane hydrate formation was carried out with 1 mol THF/CH 4 . It should be noted that there is no hydrate formation with only 1 mol THF. A small amount of SDS concentration, 1 mM, is used to look at its effects. The methane uptake and temperature profiles of the experiment conducted with 1 mM SDS and 1 mol THF at 8 MPa 4 is shown in Fig. 7 . From the figure, the two-stage of methane hydrate formation is clearly seen, which is the same as the experiments conducted with 4 mM and 8 mM of SDS. The methane hydrates form very fast after introducing methane gas into the system and grows until reaching the plateau for the first stage of methane hydrate formation. The second stage of methane uptake may be caused by the same effect in the system of 4 mM and 8 mM. As discussed previously, the hydrate crystal is initially formed like snowflakes suspended in the liquid phase. The hydrate particles appear to attach each other covering the liquid interface and creep to the crystallizer wall. At the same time, water in the liquid phase is delivered to grow the hydrate crystal along the crystallizer wall as high as the gas inlet hole 27 31 . Later, the hydrates at the gas inlet hole are cracked, and then the free gas is consumed to grow the hydrate crystal again until it reaches the equilibrium. The results of the induction time, methane consumption, methane hydrate yield, and the sI/sII ratio of the 1 mM SDS/1 mol THF/CH 4 system are also presented in Table  2 . It clearly demonstrates that the mixture of 1 mM SDS/1 Table 2 .
3.51, indicating that methane hydrate is formed mostly in the structure I. At the same time, the average ratio of sI/sII of 3 mol THF/CH 4 indicates that the methane hydrates are mostly in the structure II. It should be noted that, although the hydrate structure of 3 mol THF/CH 4 and the mixture of 1 mM SDS/1 mol THF/CH 4 is different, the methane hydrate yield is almost the same, as seen in Table  2 . It is believed that the mixture of 1 mM SDS/1 mol THF/CH 4 shows the synergy effect to promote the hydrate formation and takes up more methane gas as high as 3 mol THF/CH 4 . Consequently, the rate of methane hydrate formation can be deduced from the induction time and t 90 . Figure 8 shows the effect of gas hydrate promoters on t 90 for all experiments. As seen from the figure, the fastest time to reach 90 of methane uptake is found with 1 mM SDS, but it takes the longest induction time in the range of 657 -725 min and has the lowest methane hydrate yield. 5.56 mol THF/CH 4 shows the thermodynamic effects on the methane hydrate formation rate with a shorter induction time and t 90 than the others with the same promoter. It should be noted that THF has significant effects on the methane hydrate formation rate more than SDS. Although 5.56 mol THF/CH 4 shows the faster rate of methane uptake than that with the mixture of THF-SDS indicated by t 90 , the induction time has the opposite trend. This clearly demonstrates that the presence of 1 mM SDS and 1 mol THF in pure water shows the synergy effects on the kinetic of methane hydrate formation. In other words, in the system of 1 mol THF/CH 4 , no hydrate formation is observed for 48 h; however, adding 1 mM SDS into 1 mol THF solution can enhance the methane hydrate formation kinetics. A small amount of SDS decreases the surface tension of water, resulting in the increase in the solubility of methane gas in water, as the fastest induction time is observed in the mixture of 1 mM SDS/1 mol THF 19, 20 .
Though the induction time of the mixture of 1 mM SDS/1 mol THF is very fast, the kinetics of the hydrate formation rate is slower than the system of 5.56 mol THF/CH 4 ; nevertheless, the methane hydrate formation kinetics, observed by t 90 is faster than the system conducted with SDS and 3 mol THF. Furthermore, the induction time and t 90 are not only important for methane storage and transport applications but the methane hydrate yield is also considered as a value to enhance the methane storage in the hydrate form. The effect of gas hydrate promoters on the methane hydrate yield is presented in Fig. 9 . As seen from the figure, the system of 8 mM/CH 4 shows the highest average methane hydrate yield at about 50.2 mol followed by the mixture of 1 mM SDS/1 mol THF, and the lowest is in 1 mM SDS/ CH 4 system. In addition, the methane hydrate yield in the range of 5.02 -52.5 mol is observed in all experiments. This result emphasizes the synergetic effect of mixed THF-SDS hydrate promoters in term of gas hydrate formation yield. As the result, it is reasonable to note that 1 mM SDS/1 mol THF can be considered as a medium to store methane gas in the formation of hydrate in a quiescent system, particularly to reduce the induction time and to increase the storage capacity not to mention the lower chemicals needed to achieve the above formation. Although the methane hydrate yield is lower than that in the system of 8 mM SDS/CH 4 , the induction time is faster than 8 mM SDS/CH 4 system. However, the data on hydrate dissociation is required for methane gas production after storing methane gas in the hydrate form for gas storage and transport applications. 
CONCLUSIONS
The effects of hydrate promoters including tetrahydrofuran THF and sodium dodecyl sulfate SDS on methane hydrate formation kinetics were demonstrated. The results showed that all promoter concentrations showed the significant enhancement of methane hydrate formation rate and methane consumption compared to the pure water except 1 mol THF, which did not form the methane hydrate until 48 h. The mixture of 1 mM SDS/1 mol THF showed the synergetic effects on the methane hydrate formation kinetics by decreasing the surface tension of water, which reduced the induction time and enhanced the storage capacity. The time required to achieve 90 of the final methane uptake t 90 including the induction time was employed to study the kinetic rate of methane hydrate formation. 5.56 mol THF/CH 4 showed the fastest t 90 at 32.9 min at 8 MPa and 4 . The average methane hydrate yields in the range of 7.04 -51.0 mol were obtained in the experiments at 8 MPa and 4 .
